Raman spectroscopy was employed to study Y-Ba-Cu-0 films prepared by multilayer, reactive sputtering from separate Y, Cu, and Ba05Cu05 targets. A set of films having the composition YJ.Ba2Cu),Oz with 0.7 < x < 1.8 and 2.8 < y < 3.5 and critical temperature with zero resistance, TC(R = 0), ranging from 25 to 90 K was studied with the Raman technique. The correlation between Raman data and critical temperature, Tc, was investigated. This technique provides important information concerning the film crystallinity, homogeneity, and impurity content (including other phases) which is useful in judging the quality of high Tc superconducting films. We also found that the rapid thermal annealing process is a very efficient way to reduce chemical reactions between the film and the substrate.
I. INTRODUCTION
The recent discovery of the high Tc metal oxide superconductors1'2 has generated a great deal of excitement because of the many potential applications of these materials. For both scientific and technological reasons, a large effort has been devoted to produce these materials in a thin-film form, especially the YBa2Cu307_^ (1-2-3) compound, which has a transition temperature above the boiling point of liquid nitrogen (77 K). Various deposition techniques such as magnetron sputtering, e-beam evaporation, and laser ablation have been employed or developed to make epitaxial films on various substrates.3"6 However, the role of many film processing conditions (target types, substrates, deposition sequence, the annealing temperaturetime profile, etc.) and deposition parameters (substrate temperature, the O2 partial pressure, deposition rate, the thickness of each sublayer, etc.) still are not well understood. Therefore, systematic studies are necessary in order to produce films with reproducible high quality. Two of the most important parameters are the film stoichiometry and the post-deposition oxygen heat treatment. According to the ternary phase diagram of Y2O3, CuO, and BaO in the bulk Y-Ba-Cu-O system,7"9 YBa2Cu307_x is surrounded with other phases: CuO, BaCuO2, Y2BaCu05, and YBa3Cu20^, which are either insulating or semiconducting. In order to produce high quality films of this compound, the stoichiometry needs to be properly maintained (so as to obtain high Jc and Tc as well as to avoid the formation of a second phase), and the interdiffusion between the substrate and the deposited film needs to be minimized. Heat treatment is an important factor in obtaining the correct phase with the desired oxygen stoichiometry and also in reducing the interdiffusion reaction between the film and the substrate.
Raman spectroscopy is an important tool for studying the chemical and physical properties of materials. The phonon spectrum of the high Tc superconducting YBa2Cu307_ĉ ould yield important information about oxygen content in the annealed film10"12 and on the underlying physics such as the isotope effect.13"15 Another important application of Raman spectroscopy lies in its sensitivity to characterize the various chemical phases. 16"18 In this paper, we report systematic Raman studies of superconducting thin films with TC(R = 0) in the range 25 to 90 K. Each film was studied at different locations on the free surface (air/film) and the interface (MgO/film). The correlation between the Raman spectra and the effects of stoichiometry, heat treatments, film crystallinity, homogeneity, and impurities will be presented.
II. EXPERIMENTAL
Films were deposited by DC-magnetron sputtering from separate metal targets: Y, Cu, and Ba05Cu03. By moving the substrate platform over the three targets sequentially, multilayer deposition on MgO was carried out at ambient temperature in an atmosphere consisting of a mixture of 6 x KT5 Torr of oxygen and 1.0 x 10"2 Torr of argon. A detailed description of this sputtering system is given in Refs. 8 and 9. Reactive sputtering was chosen to incorporate oxygen during deposition. The introduction of oxygen not only decreases the deposition rate of all targets, but also significantly alters the ratio between Ba and Cu of the Ba05Cu05 target. Our samples were prepared to have different metallic stoichiometry with Y:Ba:Cu = 0.7-1.8:2:2.8-3.4, where the compositions were measured by energy dispersive x-ray analysis (EDX) and the amount of barium was normalized to 2. This method was a relative measurement using the calibrated 1-2-3 powder as the reference. Typically, films had a thickness of 1.8-2.5 /xm with each sublayer not exceeding 300 A. Two kinds of heat treatment were used for post deposition annealing in a specially designed furnace, i.e., a "long annealing" at 840 °C for 1 h and a "rapid thermal annealing" at 1000 °C followed by a long period at a temperature of 450 °C. The annealing processes are illustrated in Fig. 1 . All annealed films have a morphology consisting of needles and platelets, as observed with scanning electron microscopy (SEM). The resistive transition of the annealed samples was measured with the DC fourprobe method.
For Raman spectroscopy the 514.5 nm line of a Coherent Radiation 52 Ar + laser was used as the excitation source for the spectra reported here. The spectrum was obtained in a geometry where the 150 mW TEMQ,, laser beam was directed on the film at 30° to the surface normal on which a 100 yarn x 3 mm line image was produced using a cylindrical lens. The scattered light collected by a camera lens was focused onto the slits of a Spex 1400-11 double monochromator equipped with a cooled RCA 31034 photo- 
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multiplier tube and standard photon counting electronics.19 Both as-deposited films, which were amorphous and highly resistive, and annealed films were also analyzed by x-ray diffraction using Cu-Ka radiation. Figure 2 shows the Raman spectrum of an epitaxial superconducting 1-2-3 thin film grown on SrTiO3 (100).20 This film was made in our laboratory using a computercontrolled e-beam evaporator, and its spectrum was used as a standard reference for this work. The critical temperature for this thin film was TC(R = 0) = 90 K and the critical current Jc was 5.0 x 104 A/cm2 at 77 K. In order to get a better S/N ratio a slow scan rate was used; this spectrum required 45 min. The two Raman peaks at 501 and 611 cm"1 are attributed to Alg (OIV stretching along chains) and B2u (OI-CuI out-of-phase stretching) modes, respectively, of the superconducting YBa2Cu307_^ phase. 21"25 In the 200 to 400 cm"1 region of the spectrum one can observe a strong Rayleigh light background, in which two plasma lines from the laser source labeled with a star (*) are located at 264 and 357 cm*1, respectively. A band at 234 cm"1 was assigned to a phonon mode from a CuO structure, which could be a residue of CuO or Cu-O planar defects in this film.26 The x-ray diffraction of both ebeam evaporated and magnetron sputtered films is shown in Fig. 3 . Only the (nOO) reflections of the epitaxial film from the e-beam evaporator are clearly observed in Fig. 3(a) , indicating the a-axis is perpendicular to the SrTiO3 substrate (100). However, our magnetron sputtered films on the MgO substrate (100) exhibit more reflection peaks due to polycrystalline structure, as shown in Fig. 3(b) . In general, signals from the reflection of (OOn) are normally stronger. Figure 4 shows the Raman spectra of a magnetron sputtered film treated before and after a rapid thermal annealing process. A broad band centered at 563 cm"1 with a FMHW of 140 cm"1 was observed from an as-deposited film. This broad band of as-deposited films ranges between 400 and 700 cm*1, and is due to the metal-oxygen vibration.27"29 The lack of distinct peaks from Raman scattering and x-ray diffraction of as-deposited films, which was also observed by Minamikawa et al., indicates the amorphous structure.30 Due to the breakdown of crystal symmetry, metal-oxygen vibrations become IR and Raman active and give rise to a structureless broad band. After the film was annealed, this broad band disappeared and was replaced by two weak but characteristic peaks from the superconducting YBa2Cu3O7_x phase, which peaks are located at 501 and 608 cm"1, respectively. As mentioned in Fig. 3 (b), x-ray diffraction studies showed that the annealed samples were converted into a polycrystalline superconductor. The Raman spectrum of the as-deposited film shows a rather flat spectral background near 300 cm"1, due to the smooth surface, which results in less Rayleigh scattering. However, the Rayleigh scattering becomes very strong after a thermal annealing and its spectral tail extends to 400 cm"1, indicating that the surface of a superconducting film becomes rough, which is also apparent from visual inspection. A peak at 231 cm"1 due to the CuO structure was observed in our copper-rich films. Although the superconducting film is not transparent to visible light, the MgO substrate is transparent to the 514.5 nm laser line. This permits us to obtain spectroscopic information from an "MgO/123 interface". Such spectra taken from a nonsuperconducting film are shown in Fig. 5 . This sample had been treated with the slow annealing process described in Fig. 1 . Note the significant difference between the Raman spectra from the interface and the free surface, demonstrating that the structure is different on the two sides of the film. Although both showed the two peaks at 604 and 503 cm"1, more peaks from BaCuO2 were detected at the interface and are labeled with a square (•). The spectra of both sides of a superconducting film with TC(R = 0) = 55 K, which was slowly annealed, are shown in Fig. 6 . Two peaks at 591 and 503 cm"1 are observed, but the intensity of the peak at 591 cm"1 is much weaker. Raman signals from BaCuO2 impurity were also found at the MgO/123 interface of this sample. The inset shows the resistance as a function of the temperature; the onset of this curve occurred at 95 K with a long tail extending to 55 K (R = 0 ) . Unlike an as-deposited film with a single broad band, both nonsuperconducting and superconducting (at 55 K) films exhibited some fine but not well-resolved Raman structures. These semiresolved Raman peaks altogether imply the formation of a short-range order of crystallization in a matrix which is not perfectly crystallized yet. Strain or distortion upon these tiny crystallites from the matrix results in these two Raman-active peaks. These two strong bands at -600 cm"1 and -500 cm"1 observed from the free surface are assigned to a B2u mode and an Alg mode of superconducting cuprate perovskites. The Alg mode is Raman active while the B2u mode is IR active in an orthorhombic superconducting phase. We have carried out the ex situ Raman studies of a series of deposited films with various annealing times. In the first 20 min of heat treatment the metal-like, shining, nontransparent, and black color of the as-deposited film turned into a brownish semitransparent one, which again became opaque, dull, and black after the film was annealed above 700 °C for 30 min. At the beginning of the annealing process, the band at 600 cm"1 had a stronger intensity than the band at 500 cm"1; as the crystallization of the film proceeds, the intensity ratio of these two bands (I600/I500) becomes reversed. As the ratio (Jeoo/hoo) becomes smaller, crystallization of the superconducting phase also becomes more perfect. However, the overall intensity of these two bands diminishes as the 1-2-3 phase forms. Such intensity changes are primarily due to decreased light penetration as the film crystallizes.
III. RESULTS AND DISCUSSION
It is well known that Raman modes of a superconducting phase have a lower scattering cross section than those of impurities or other phases. Regardless of whether a slow or rapid thermal annealing process was employed, the intensities of Raman signals from impurities (or a second phase) at the interface were always stronger than those of the free surface. Furthermore, Raman signals from the interface also showed poorer crystallization than those of a free surface, as determined by checking the resolution and intensity ratio of the two characteristic Raman peaks of the superconducting film. Since the ionic radius of Mg2+ is smaller than that of Cu2+ (0.66 vs 0.72 A), the diffusion of Mg2+ from the substrate to the film is very likely to occur. According to the data provided by Nakajima et al. ,31 the penetration distance measured by Rutherford backscattering spectrometry (RBS) for diffusion of Mg from MgO into the 1-2-3 film at 1173 K for one hour is estimated at more than 1000 A. Nakajima et al. have also found that the Cu migrated toward the interfacial region while Ba was lost on the free surface. Using other techniques such as Auger electron spectrometry (AES), Harada et al. have shown that oxygen deficiencies take place at the interface.32 Furthermore, Cima et al. proved with x-ray diffraction that Ba metal from 1-2-3 film may diffuse into the yttria-stabilized zirconia (YSZ) substrate.33 Consideration of all these facts not only explain our Raman signals of BaCuO2 at the interface from films with low Tc, but also imply that poor crystallization at the interface may be due to the metal interdiffusion.
The rapid thermal annealing process is an efficient and simple method to make a high Tc superconducting film; a typical Raman spectrum from a sample with TC(R = 0) = 90 K is shown in Fig. 7 . The inset of Fig. 7 shows resistivity versus temperature, which has a sharp transition. The Raman spectra of each side of the film were similar -i.e., the strong Rayleigh scattering and weak Raman modes without a contribution from impurities or other phases. Comparing samples annealed by the slow and rapid thermal treatments, we conclude that the slow 
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annealing process is very likely to cause incomplete crystallization or formation of a second phase, especially at the interface between a Y -B a -C u -0 film and a MgO substrate. This phenomenon may be produced by a competition between an orthorhombic and a tetragonal phase,34"37 but our x-ray results do not show strong signals from the tetragonal phase. Therefore we conclude that the dopant effect (diffusion) may be the cause of incomplete oxidation and formation of a second phase, and rapid thermal annealing could eliminate it.
Out of 20 rapid thermal annealed films on MgO we have made six films with Tc > 80 K. Of these, only one sample showed a lower yttrium composition (2.9), which resulted in a surplus of copper and barium producing trace amounts of BaCuO2 impurity at the interface. The other five samples all had higher yttrium content, and yet Raman peaks from the 211 phase were absent. There was no obvious spectral difference between an interface and a free surface, indicating that they were all homogeneous.
Three features inferred by the Raman spectra were analyzed from these rapid thermal annealed films ranging from 90 to 25 K; they are crystallinity, homogeneity, and the amount of BaCuO2, respectively. Crystallization was judged by three criteria: the resolution between two separated peaks at -500 and ~600 cm"1, the intensity ratio between these two Raman modes, and finally the intensity ratio between the peak at 500 cirT1 and the background Rayleigh scattering. The last criterion is to make sure that the signal of the 1-2-3 crystal structure at 500 cm"1 is clearly observed. For the quantitative study of oxygen content inside the film, the positions of characteristic Raman peaks are very important.10"12 Like the poor IP address: 129.105.14.67 Raman shift (1/cm) crystallization observed from the slow annealed films, we also have found similar Raman spectra, as shown in Fig. 8 (a) from a film with Tc = 25 K. In terms of the homogeneity, we defined it as a function of position on the film studied by the Raman technique. In Fig. 8(b) one can easily observe the spectral difference between the free surface and the interface, indicating the film is not homogeneous but has extra BaCuO2 at the interface. Higher baseline intensity normally results from the stronger light scattering of the MgO substrate due to the crack or the void in the film. Figure 8 (c) is an example showing the impurity of BaCuO2 as determined by Raman studies. All these measurements were based on the qualitative and comparative analysis which could help us to study the film quality. About two-thirds of rapid thermal annealed 1-2-3 films were superconductors with TC(R -0) > 70 K, all involving the copper-rich composition and yttrium content ranging from 0.7 to 1.7. It has been noted that extra copper in a film would result in multiple Cu-O planar defects but little effect on the Tc of a superconducting film.26 Similar results have also been obtained in our experiments. The morphology of our films was not smooth but showed many cracks and voids. This was probably due to the different thermal expansion coefficients between the film and the MgO substrate. In an attempt to minimize this problem, we reduced the thickness of the deposited films by half and annealed with the same rapid thermal annealing; however, we could not obtain films with a Tc > 80 K. This implies that the annealing process may need to be modified as the film thickness is changed. Thin superconducting films with Tc < 80 K likely result from poor crystallinity, improper composition, and inhomogeneity. IP address: 129.105.14.67 
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IV. CONCLUSIONS
We have demonstrated that the Raman technique is a powerful tool to characterize superconducting films in terms of crystallinity, homogeneity, and impurity content. The Raman spectrum of our magnetron sputtered films was analyzed and correlation with Tc was investigated. The study showed that the as-deposited films were amorphous oxides, possessing a broad structureless band at 570 cm"1. The Alg and the B2u modes at 510 and 615 cm"1 of superconducting cuprate perovskites were observed during the thermal annealing. The relative intensity of these two peaks provides important information regarding the perfection of the crystallization of a superconducting film. We have found that the rapid thermal annealing process reduces diffusion reactions between the film and the substrate. However, this annealing method works best on the films with a thickness > 1.8 /x. Another conclusion of our Raman studies is that poor crystallinity, inhomogeneity, and impurities reduce Tc of the films.
